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ABSTRACT 
Human activities such as dam construction, stream channelization, pollution, and 
introduction of invasive species have led to a freshwater biodiversity crisis. One of the 
most imperiled taxa occurring in freshwater ecosystems are freshwater mussels. Habitat 
loss and degradation has led to a decline in the abundance and distribution of freshwater 
mussels in North America and many populations have become smaller and more isolated. 
Smaller, more isolated populations are more likely to exhibit a reduction in genetic 
diversity which could render species incapable of adapting to a changing environment. 
Considering recent fragmentation, it is possible that some species have lost essential 
genetic connectivity between populations. Effective management strategies of these 
species must include reestablishment of historical genetic connectivity. This study aims 
to elucidate whether human activities have impacted genetic connectivity previously 
found in the Sheepnose mussel (Plethobasus cyphyus) by using microsatellite markers 
and mitochondrial sequences. 
166 Sheepnose mussel samples collected across the Midwestern United States 
were used to determine population structure, population genetic diversity, contemporary 
and historical migration rates, and changes in population size. Analyses of microsatellite 
and mitochondrial data indicate that Sheepnose populations exhibit a high degree of 
genetic diversity. Population structure analyses reveal that the Sheepnose currently 
consist of two genetic populations, one population occupying the Upper Mississippi 
River Basin and the other in the Ohio River Basin. Estimated contemporary migration 
rates indicate that migration between sampling locations is occurring within (although at 
very low rates) and not between drainage basins. Estimates of historical migration rates 
ix 
indicate that significantly more migration was occurring within and between drainage 
basins, although also at very low rates. Population bottlenecks were not detected at any of 
the sample sites and all sites except the Wisconsin River exhibited the signature of 
population expansion. Results of this study indicate that human activity has effectively 
reduced genetic connectivity between populations of Sheepnose. Surprisingly, each 
population has retained a considerable amount of genetic diversity, so it is likely that the 
full effect of isolation has not been realized yet. Conservation managers should seek to 
reestablish connectivity between Sheepnose within river basins before genetic diversity is 
lost indefinitely.  
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CHAPTER 1.    INTRODUCTION 
Since the arrival of the first hominid species, there has been fifty millennia of 
catastrophic extinctions due to direct and indirect effects of human contact (Barnosky et al. 
2004, Burney and Flannery 2005, Miller et al. 2005, Rule et al. 2012), especially in 
freshwater ecosystems (Millennium Ecosystem Assessment 2005). Freshwater makes up only 
about 0.01% of the world’s water and yet supports at least 100,000 species of the 1.8 million 
currently defined species (Dudgeon et al. 2005). Amidst the global biodiversity crisis, 
freshwater ecosystems have suffered the most biodiversity loss even comparatively to their 
terrestrial counterparts (Dudgeon et al. 2005, Ricciardi and Rasmussen 1999). This 
phenomenon is likely attributed to the high level of human activity that occurs in or around 
freshwater ecosystems. These activities tend to result in habitat degradation, changes in water 
flow, pollution, invasive species introduction, and overexploitation of native species 
(Dudgeon et al. 2005, Strayer and Dudgeon 2010). Recent acknowledgment of this crisis has 
led to an increased concern for the preservation of diverse freshwater ecosystems and more 
research has since commenced to identify the causes of biodiversity loss and potential 
conservation methods that can be established (Abell 2002, Linke et al. 2011, Strayer and 
Dudgeon 2010). Among the many at-risk species found in freshwater ecosystems, freshwater 
mussels are considered one of the most imperiled taxa in the world and the majority of 
freshwater mussel species diversity can be found in North America (Bogan 2008, Graf and 
Cummings 2007, Haag and Williams 2014). North America is home to about 297 native 
freshwater mussel species and about 71.7% of these species are considered endangered, 
threatened, or of special concern with only 23.6% of the species considered to be stable 
(Williams et al. 2011). 
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North American freshwater mussels have been used by humans as a source of food, 
tools, and ornamentation for centuries (Haag et al. 2014, Williams et al. 2001). Humans have 
both indirectly (through anthropogenic environmental and habitat changes) and directly 
impacted freshwater mussel populations worldwide (Dudgeon et al. 2005, Haag et al. 2014, 
Strayer and Dudgeon 2010, Williams et al. 2001). Freshwater mussels are generally capable 
of withstanding poor habitat conditions temporarily, so the dramatic contemporary declines 
seen today serve as an indication of the extent of poor water quality found in North American 
freshwater systems (United States Fish and Wildlife Service 2012A). These species play a 
pivotal role within freshwater ecosystems by filtering and improving water quality and by 
providing a vital food source for other organisms such as otters, raccoons, and herons (United 
States Fish and Wildlife Service 2012A). Both the important functional ecosystem services 
that freshwater mussels provide and their intrinsic value warrants comprehensive 
conservations strategies. Recently, researchers have started to examine the ecological and 
genetic conditions of imperiled freshwater mussel species at the population level. One of 
these imperiled species is the Sheepnose mussel (Plethobasus cyphyus). 
There are three species within the genus Plethobasus (Turgeon et al. 1998) and all are 
listed as federally endangered, however, the Sheepnose is the most abundant and widespread 
(Hove et al. 2015). The Orangefoot Pimpleback mussel (P. cooperianus) is endemic to the 
Ohio, Cumberland, and Tennessee River systems (Ortman 1919). The range of this species is 
thought to have been reduced by >70% and the populations have declined >80%. The drastic 
declines indicate that this species is at high risk for extinction (United States Army Corps of 
Engineers 2011). This species has thought to always have had a restricted distribution, but 
their long lifespan and sedentary nature make them especially vulnerable to habitat 
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alterations such as impoundments, siltation, and pollution (United States Fish and Wildlife 
Service 1984). The White Wartyback (Plethbasus cicatricosus) was historically found in the 
Ohio and Tennessee River systems. However, no juvenile mussels have been detected since 
the construction of a series of dams and it is thought that the host fish used by this species 
has been extirpated from the range of the White Wartyback. Because of this, even though this 
species is still extant, it is considered functionally extinct since there are no longer any 
successfully reproducing populations (Stein and Flack 1997). Both the Orangefoot 
Pimpleback and the White Wartyback mussels have suffered the effects from anthropogenic 
changes to their habitat and it is thought that these changes are the most prominent factor in 
their declines (United States Army Corps of Engineers 2011, United States Fish and Wildlife 
Service 1984, Stein and Flack 1997). Despite the imminent loss of these species, the 
Sheepnose still remain present in many of the areas where they used to co-occur with their 
congeners. 
Habitat features associated with the occurrence of the Sheepnose usually includes 
shallow shoals in rivers with moderate to swift currents over coarse gravel and sand (Oesch 
1984). However, other habitat features may include mud, cobble, and boulders within deep 
runs of larger rivers (Parmalee and Bogan 1998). Freshwater mussels, as a group, are 
generally long-lived and have lifespans that range from a couple years to several decades 
(Mutvei et al. 1994). The Sheepnose mussel has a generation time of about 5 years and live 
approximately 20-30 years (Hove et al. 2015). All freshwater mussel species in Unionidae 
follow a similar breeding strategy in which males expel sperm into the water column, which 
are then taken in by females for fertilization of their eggs which are held in modified portions 
of their gills. After fertilization, the mature specialized larvae called glochidia, are released 
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into the water where they must attach to the gills or fins of fish where they complete their 
development. After development is complete, the juvenile mussels then drop off the gills and 
establish themselves in river beds (Parmalee and Bogan 1998). Originally, the only known 
natural host fish for the Sheepnose was the Sauger (Stizostedion canadense) (Surber 1913), 
however, a recent study has showed that the Sheepnose appears to be a cyprinid host 
specialist (Hove et al. 2015). The dispersal capabilities for this species are somewhat 
unknown but are probably achieved through the dispersal of sperm in the water column and 
the glochidia parasitic larval stage (Ferguson et al. 2013, Hove et al. 2015). 
For species conservation to be most effective, strategies must be based on the 
complexity of population dynamics such as genetic diversity and ecological needs (Green 
2005). Managing only to conserve habitat for an imperiled species will prove to be useless if 
the population in question does not have the appropriate genetic diversity necessary for long-
term survival. Alternatively, conserved genetic diversity will be ineffective if there is not 
enough suitable habitat for the species to survive (Allendorf et al. 2009).  Even though 
genetic diversity is considered one of three forms of biodiversity that the International Union 
for Conservation of Nature (IUCN) strives to conserve (McNeely et al. 1990), it is still often 
underrepresented in conservation biology efforts (Laikre et al. 2010). Successful 
conservation of listed species must consider genetic diversity as it is a mechanism for 
adaptation to environmental changes. Without it, populations can become genetically fixed 
and intolerant to a constantly changing world (Frankel and Soulé 1981). Genetic connectivity 
can be heavily impacted by anthropogenic changes and understanding the magnitude of this 
impact can be identified by analyzing the departure from historic patterns (Chiucchi and 
Gibbs 2010, Pavlacky et al. 2009, Sharma et al. 2013; Vandergast et al. 2007).  
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Historically, the Sheepnose occurred throughout much of the Mississippi River 
system (except the upper Missouri River and lowland tributaries in the lower Mississippi 
River) (United States Fish and Wildlife Service 2002). However, as of April 2012, the 
Sheepnose was listed as endangered under the Endangered Species Act (United States Fish 
and Wildlife Service 2012B). This decision was primarily because of evidence that 
Sheepnose have been extirpated from two thirds of their former range and are now reduced to 
isolated populations (United States Fish and Wildlife Service 2002). According to a status 
report conducted in 2002 by the United States Fish and Wildlife Service, of the 77 streams 
that were historically occupied by Sheepnose populations, only 26 streams are thought to still 
be occupied. The decline in the range and abundance of the Sheepnose has been attributed to 
human impacts such as land development, dams, and pollution (Haag and Williams 2014). 
However, published and unpublished records since the 1800s, show that although Sheepnose 
was widespread, the species was rarely described as common (United States Fish and 
Wildlife Service 2002). Archaeological evidence additionally indicates that this species may 
have been uncommon or rare for centuries (Parmalee and Bogan 1998).  
Because historic and anecdotal evidence indicates that this species may never have 
been common or occurring in contiguous populations, it is possible that ecological and 
evolutionary processes before human arrival were capable of creating isolated populations of 
Sheepnose. The pattern of population connectivity seen today could coincidentally appear to 
be similar to the historic population connectivity regardless of recent habitat fragmentation 
and destruction due to human activities (Chiucchi and Gibbs 2010; Pavlacky et al. 2009; 
Sharma et al. 2013; Vandergast et al. 2007). If historic population genetic connectivity is 
similar to the contemporary connectivity, limitations to migrant dispersal between 
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populations would most likely be derived from pre-adaptive qualities and not from human 
impacts (Chiucchi and Gibbs 2010). If this pattern is correct, the conservation implications 
may mean that genetic intervention will have little impact on long-term viability of the 
species and actions such as successfully restoring and maintaining enough suitable habitat 
will determine persistence of the species (Chiucchi and Gibbs 2010). However, if the 
Sheepnose has suffered population declines and isolation because of extensive human 
modifications of their habitat (Haag and Williams 2014) there is most likely less 
contemporary population connectivity than found in historical patterns. In this case, 
conservation strategies to overcome human induced impacts on genetic connectivity should 
focus on regaining and maintaining genetic connectivity by restoring habitat in key areas and 
making the habitat matrix more permeable for migration of host fishes (Hughes 2007, 
Jansson et al. 2007, Sharma et al. 2013). If that strategy is not feasible, translocation 
operations could potentially be utilized as a synthetic means of migration perpetually or until 
a historical level of gene flow is reestablished (Jones et al. 2006, Minckley 1995). 
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Abstract 
Many North American freshwater mussel species have experienced substantial 
reductions in population size and population fragmentation due to anthropogenic impacts. 
These changes to the environment often reduce genetic connectivity between populations and 
therefore expose them to risk of losing genetic diversity. One imperiled mussel species, the 
Sheepnose (Plethobasus cyphyus), has undergone population declines resulting in 
fragmentation of the remaining populations. This study aims to understand whether human 
influences have impacted genetic connectivity that historically occurred among Sheepnose 
populations. This was achieved by using 16 species-specific microsatellite loci and an 883 
base pair fragment of the mitochondrial ND1 gene to determine genetic diversity, population 
structure, contemporary and historical migration rates, and population size changes across the 
range of the Sheepnose. Population structure analyses reveal that the Sheepnose currently 
consist of two genetically distinct populations, one population occupying the Upper 
Mississippi River Basin and the other in the Ohio River Basin. Sheepnose populations 
currently exhibit a high degree of genetic diversity, and estimated contemporary migration 
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rates indicate that migration between sampling locations is occurring within (although at very 
low rates) and not between populations. Estimates of historical migration rates indicate that 
significantly more migration was occurring within and between populations in the past, 
although also at very low rates. Genetic bottlenecks were not detected at any of the sample 
sites and all sites except the Wisconsin River exhibited the signature of population 
expansion. Overall, the results of this study indicate that anthropogenic influences have 
altered genetic connectivity among Sheepnose populations, though, recent fragmentation and 
isolation have yet to be reflected in losses of genetic diversity. Managers should work to 
regain and maintain historic genetic connectivity to conserve remaining genetic diversity for 
future viable Sheepnose populations. 
Introduction 
Freshwater makes up only about 0.01% of the world’s water and yet supports at least 
100,000 species of the 1.8 million currently defined species (Dudgeon et al. 2005). Amidst 
the global biodiversity crisis, freshwater ecosystems have suffered the most biodiversity loss 
even comparatively to their terrestrial counterparts (Dudgeon et al. 2005, Ricciardi and 
Rasmussen 1999). Among the many at-risk species found in freshwater ecosystems, 
freshwater mussels are considered one of the most imperiled taxa in the world and the 
majority of freshwater mussel species diversity can be found in North America (Bogan 2008, 
Graf and Cummings 2007, Haag and Williams 2014). This imperilment of freshwater 
mussels is likely attributed to the high level of human activity that occurs in or around 
freshwater ecosystems. These activities tend to result in habitat degradation, changes in water 
flow, pollution, invasive species introduction, and overexploitation of native species 
(Dudgeon et al. 2005, Strayer and Dudgeon 2010). North America is home to about 297 
native freshwater mussel species and about 71.7% of these species are considered 
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endangered, threatened, or of special concern with only 23.6% of the species considered to 
be stable (Williams et al. 2011). These species play a pivotal role within freshwater 
ecosystems by filtering and improving water quality and by providing a vital food source for 
other organisms such as otters, raccoons, and herons (United States Fish and Wildlife Service 
2012A). Both the important functional ecosystem service that freshwater mussels provide 
and their intrinsic value warrants comprehensive conservations strategies.  
Since the recognition of the decline in freshwater mussel populations, management 
and conservation efforts have been initiated to aid their recovery. Recent studies have used 
genetic methods to resolve phylogenetic relationships and phylogeographic patterns (Hewitt 
et al. 2018, King et al. 1999, Chong et al. 2016, Roe et al. 2001, Serb and Lydeard 2003) and 
to describe broad scale genetic connectivity across geographic ranges (Chong and Roe 2016, 
Elderkin et al. 2007, Mock et al. 2004, Mulvey et al. 1997). As anthropogenic activities have 
expanded, suitable habitat available for species has decreased and become increasingly 
fragmented. Fragmented populations are particularly susceptible to loss of genetic variation 
due to genetic drift in small populations which can also promote inbreeding depression 
(Allendorf 1986, Fahrig 2003, Keyghobadi 2007, Templeton et al. 1990). In wide-ranging 
species that occupy fragmented habitats, dispersal depends on habitat matrix quality and 
dispersal ability between habitat fragments (Fahrig 2003, Sharma et al. 2013, Templeton et 
al. 1990). Extirpation of a subset of local populations (Gilpin 1991) and population 
bottlenecks associated with the habitat fragmentation (Andersen et al. 2004) can also lead to 
loss of genetic diversity and increased differentiation between populations (Keyghobadi 
2007). Conservation managers thus need to identify if anthropogenic influences have 
fragmented the habitat enough to compromise dispersal ability. Understanding patterns of 
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genetic diversity and connectivity within and among freshwater mussel populations is useful 
when designing conservation and management plans. To aid in these efforts, this study aims 
to understand the impact of recent anthropogenic influences on genetic connectivity of the 
imperiled Sheepnose mussel (Plethobasus cyphyus) compared to connectivity historically 
occurring between Sheepnose populations.   
There are three recognized species within the genus Plethobasus (Turgeon et al. 
1998) and all are listed as federally endangered though the Sheepnose is the most abundant 
and widespread (Hove et al. 2015). The Orangefoot Pimpleback mussel (P. cooperianus) is 
endemic to the Ohio, Cumberland, and Tennessee River systems (Ortman 1919). The range 
of this species is thought to have been reduced by >70% and the total population size has 
declined >80%. These drastic declines indicate that this species is at high risk for extinction 
(United States Army Corps of Engineers 2011). This species has thought to always have had 
a restricted distribution, but their long lifespan and sedentary nature make them especially 
vulnerable to habitat alterations such as impoundments, siltation, and pollution (United States 
Fish and Wildlife Service 1984). The White Wartyback (P. cicatricosus) was historically 
found in the Ohio and Tennessee River systems. However, the host fish for this species has 
been extirpated from their range due to the construction of a series of dams. Because of this, 
even though the White Wartyback is still extant, it is considered functionally extinct since 
there are no longer any successfully breeding populations (Stein and Flack 1997). Both the 
Orangefoot Pimpleback and the White Wartyback mussels have suffered from the effects of 
anthropogenic changes to their habitat and it is thought that these changes are the most 
prominent factor in their declines (United States Army Corps of Engineers 2011, United 
States Fish and Wildlife Service 1984, Stein and Flack 1997). Despite the imminent loss of 
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these species, the Sheepnose still remain present in many of the areas where they used to co-
occur with their relatives. 
According to Oesch (1984), the average Sheepnose is about 11.2 cm long. The shell 
of this species is elongated to ovate and moderately inflated with thick valves. The posterior 
end is bluntly pointed while the anterior end is rounded. The exterior of the shell is rayless 
and yellow to dark brown while the inner shell is white with a shallow beak cavity. The 
pseudocardinal and lateral teeth are well developed (Minnesota Department of Natural 
Resources 2018). One distinguishing characteristic is the row of large and broad tubercle 
swellings that extend down the center of the shell from the beak to central margin to (Oesch 
1984). There is also a shallow depression between the tubercles and posterior ridge. The 
Sheepnose resembles the Hickorynut (Obovaria olivaria), Round Pigtoe (Pleurobema 
sintoxia), Threehorn Wartyback (Obliquaria reflexa), and Wabash Pigtoe (Fusconaia flava) 
(Minnesota Department of Natural Resources 2018). Habitat features associated with this 
species usually include shallow shoals with moderate to swift currents over coarse gravel and 
sand (Oesch 1984). Other habitat features, however, may include mud, cobble, and boulders 
within deep runs (up to 4.5 m) of larger rivers (Parmalee and Bogan 1998).  
Freshwater mussels, as a group, are generally long-lived exhibiting lifespans from 
two years to several decades (Mutvei et al. 1994) and individual Sheepnose have an 
estimated lifespan of approximately 30 years (Hove et al. 2015). The Sheepnose follow the 
same breeding strategy as found in all Unionidae species in which males expel sperm into the 
water column, that are then taken in by females for fertilization of their eggs which are held 
in modified portions of their gills. After fertilization, the mature specialized larvae called 
glochidia, are released into the water where they must attach to the gills or fins of fish to 
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complete their development. After development is complete, the juvenile mussels then drop 
from the host and establish themselves in river beds (Parmalee and Bogan 1998). Originally, 
the only known natural host fish for the Sheepnose was the Sauger (Stizostedion canadense) 
(Surber 1913), however, more recent evidence indicates that Sheepnose appear to be cyprinid 
host specialists (Hove et al. 2015).  
Historically, the Sheepnose occurred throughout much of the Mississippi River 
system (except the upper Missouri River and lowland tributaries in the lower Mississippi 
River) (United States Fish and Wildlife Service 2002). As of April 2012, however, the 
Sheepnose was listed as endangered under the Endangered Species Act (United States Fish 
and Wildlife Service 2012B). This listing was based primarily on evidence that Sheepnose 
have been extirpated from two thirds of their former range and are now reduced to isolated 
populations (United States Fish and Wildlife Service 2002). According to a status report 
conducted in 2002 by the United States Fish and Wildlife Service, of the 77 streams that 
were historically occupied by Sheepnose populations, only 26 streams are thought to still be 
occupied. The decline in the range and abundance of the Sheepnose has been attributed to 
human impacts such as land development, dams, and pollution (Haag and Williams 2014). 
However, published and unpublished records since the 1800s, indicate that although 
Sheepnose populations were widespread in many Mississippi River systems, the species was 
rarely described as common (United States Fish and Wildlife Service 2002). Additionally, 
archaeological evidence indicates that this species may have been uncommon or rare for 
centuries (Parmalee and Bogan 1998).  
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Figure 1. Counties where Sheepnose historically occurred (left). Counties where Sheepnose 
are known to occur since 1990 (right). (United States Fish and Wildlife Service 2002) 
The objective of this project is to determine whether the geographical distribution, 
demography, and connectivity of contemporary Sheepnose populations have changed from 
the historical pattern existing prior to human arrival. Identifying a change in geographical 
distribution is important because if the current distribution has been dramatically changed 
recently, it is likely an effect of anthropogenic influences and managers would have a better 
understanding of what the genetic restoration pattern would need to reflect. In this case, 
conservation strategies to overcome human induced impacts on genetic connectivity should 
focus on regaining and maintaining genetic connectivity by restoring habitat and making the 
habitat matrix more permeable for migration of host fishes (Hughes 2007, Jansson et al. 
2007, Sharma et al. 2013). However, it is also possible that evolutionary processes before 
human arrival could have decreased population genetic connectivity that is now 
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coincidentally similar to the contemporary population connectivity independent of 
anthropogenic effects (Chiucchi and Gibbs 2010; Pavlacky et al. 2009; Sharma et al. 2013; 
Vandergast et al. 2007). Species that are highly philopatric or have limited dispersal abilities 
are naturally likely to show a pattern of population isolation similar to that expected under 
human-mediated habitat fragmentation, for example, as found in the Eastern massasauga 
rattlesnake (Sistrurus c. catenatus) (Chiucchi and Gibbs 2010). If this is true, then restricted 
migration between populations could be a natural quality of the species or a signature of a 
species decline that was initiated before human impacts (Chiucchi and Gibbs 2010).  
Methods 
Data Collection 
Study Area and Sampling 
A combination of hypervariable microsatellite markers and mitochondrial sequences 
were used to analyze genetic diversity, population structure, contemporary and historic 
migration, and population size changes in the Sheepnose. Samples (N = 164) for DNA 
extraction were collected from seven different localities or demes (Table 1). Collection 
efforts were centered on the Midwestern United States and known demes of the Sheepnose 
(Figure 2). 
Mussels were collected by snorkeling or SCUBA at various locations. Samples were 
collected by either taking a small (~1mm) biopsy of mantle tissue (Berg et al. 1995) or by 
using cytology brushes that were swabbed inside the mussels to accumulate mucous and 
sloughed cells (Henley et al. 2006). Biopsy samples were stored in 95% ethanol and cytology 
brush samples were stored in buffer until DNA could be extracted. DNA was extracted from 
mantle tissue samples using the Qiagen DNeasy® Blood and Tissue Kit (Qiagen # 69506) 
according to the kit instructions. The DNA from the cytology brush samples were extracted 
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using the Puregene Buccal Cell Core Kit B (Qiagen). Extracted DNA was quantified using a 
Nanodrop ND1000 spectrophotometer and stored at 4-20°C. 
Table 1. Numbers of Sheepnose mussels sampled from seven study sites for microsatellite 
and mitochondrial genotyping. 
 
 
 
Figure 2. Sampling locations of the seven sites from which Sheepnose mussels were sampled 
for genetic analysis.  
   Sample Size 
Site Site ID Latitude, Longitude Microsatellites Mitochondrial 
Allegheny River ALL 41.43395, -79.7054 22 22 
Chippewa River CHIP 44.73806, -91.7908 21 19 
Meramec River MER 38.50255, -90.6279 26 26 
Mississippi River MISS 41.52364, -90.5776 51 46 
Tippecanoe River TIPP 40.99574, -86.8220 19 19 
Tennessee River TN 36.64717, -83.3321 8 8 
Wisconsin River WIS 43.40605, -90.3748 17 17 
Total 8  164 157 
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Microsatellites  
16 species specific polymorphic microsatellite loci were used to genotype samples. 
These markers were developed by Genetic Identification Services (GIS), Chatsworth, CA. 
Polymerase chain reactions (PCR) were performed using 10 µL reactions (~2 ng of genomic 
DNA was used in each reaction). The standard M13 protocol (Schuelke 2000) was used with 
the florescent dye labeled with HEX (Applied Biosystems). Reagents for a 10 µL reaction 
included: 6.6 µL H20, 1 µL Biolase Buffer (10x), 0.3 µL MgCl2, 0.8 µL dNTP, 0.1 µL 
forward primer, 0.1 µL reverse primer, 0.05 µL M13 labeled oligo, 0.05 µL Biolase Taq 
polymerase, and 1 µL template DNA. Reactions were run in Eppendorf Master Cycler 
thermal cyclers under consistent conditions (95°C/5min; [94°C/30 sec.; 62°C/60 sec.; 
72°C/30 sec.] X 10 cycles; [94°C/30 sec.; *annealing temperature °C/60 sec.; 72°C/30 sec.; 
72°C/20 min] X 25 cycles; 72°C/4 min). Negative controls were performed with every 
reaction to detect potential contamination. PCR products were visualized on 1% agarose gels 
to confirm that the reaction was successful and that the negative control showed no 
contamination. PCR products were then sent to the Iowa State DNA Facility where they 
underwent capillary electrophoresis to determine allele sizes. The raw data were then scored 
using GeneMarker® v1.85 (Hulce et al. 2011) and converted into the desired program input 
format using RStudio (RStudio Team 2016). 
Mitochondrial Sequences 
Mitochondrial DNA sequences from an 883 base pair fragment of the first subunit of 
the NADH dehydrogenase gene (ND1) were also generated for all collected samples. DNA 
sequence data for the ND1 gene were generated through PCR with Leu-uurF (5′-
TGGCAGAAAAGTGCATCAGATTAAAGC-3′) and LoGlyR (5′-
CCTGCTTGGAAGGCAAGTGTACT-3′) primers (Serb et al. 2003). For a 25 µL reaction: 1 
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µL LEU UURF primer, 1 µL LoGlyR primer, 9.5 µL H20, 12.5 µL MyTaq polymerase 
(Bioline), and 1 µL template DNA. Approximately ~1ng of genomic DNA was used for the 
template. Reactions were run in Eppendorf Master Cycler thermal cyclers at the following 
conditions: (95°C/60 sec; [95°C/30 sec.; 50°C/60 sec.; 72°C/30 sec.] X 37 cycles; 72°C/60 
sec; 72°C/60 sec). Negative controls were performed with every reaction to detect potential 
contamination. Products were then run on 1% agarose gel to assure that the reaction was 
successful and to verify that the negative control showed no contamination. Successful PCR 
products were prepared for sequencing using the ExoSAP-IT (US Biochemicals #78250). 
~1ul of prepared DNA was used as a template in conjunction with forward and reverse 
sequencing reactions using Big Dye® ver. 3.1 cycle sequencing kit (Applied Biosystems # 
4337454) and sent the Iowa State DNA Facility for sequencing.  The raw results were then 
analyzed and edited using GENEIOUS v8.1.6 (Kearse et al. 2012). Results were also 
converted into amino acids to confirm that sequences were aligned properly before exporting 
the matrix for further analyses. 
Data Analysis 
Microsatellites 
Genetic Diversity 
Each microsatellite locus was tested for deviations from Hardy-Weinberg proportions 
and for potential genotyping errors using MICROCHECKER (Van Oosterhout et al. 2004). 
The average number of alleles, expected heterozygosity (He), observed heterozygosity (Ho), 
and fixation index (F) were calculated using GenAlEx v6.5 (Peakall and Smouse 2012). 
Rarified allelic richness was calculated using the RStudio. Pairwise FST (Wright 1969) values 
were calculated using GenAlEx. The standard FST measure is designed to be calculated on 
biallelic loci and loci with high allelic diversity can suppress this measure, leading to 
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overestimation of the degree of genetic connectivity. Because of this problem, adjusted FST 
(Hedrick 2005) and Jost’s D (Jost 2008) values were calculated to account for a potential 
depression of the standard FST measure. A permutation test was performed on the FST values 
using RStudio to determine degree of genetic differentiation found between sampling 
locations that were located within versus between drainage basins. This test was permuted 
100,000 times and p-values were assessed at a 0.05 significance level. 
Population Structure 
Clustering of Sheepnose demes into distinct genetic groups was conducted using the 
program STRUCTURE v2.3.4 (Pritchard et al. 2000). The final run of STRUCTURE 
consisted of a burn-in of 100,000 Markov chain Monte Carlo (MCMC) iterations followed by 
1,000,000 iterations using the admixture model and correlated allele frequencies. Each run 
had 1-8 possible K values and 10 replicates of each run. The web application POPHELPER 
(Francis 2016) was used to determine the most probable value of K utilizing the Evanno 
method (Evanno et al. 2005) to determine the second-order rate of change in the distribution 
of L(K). POPHELPER was also used to merge the 10 replicates together and to graphically 
display results. An analysis of molecular variance (AMOVA) was conducted using GenAlEx 
to further examine Sheepnose population structure. Sheepnose demes were also clustered 
using a neighbor joining tree (Saitou and Nei 1987) and Nei’s genetic distance (Nei 1973) to 
corroborate results from the STRUCTURE and AMOVA analyses.  
Estimation of Migration  
The programs BAYESASS (Wilson and Rannala 2003) and MIGRATE (Beerli 2008) 
were used to estimate asymmetrical migration rates at contemporary and historical 
timescales. The two programs generate comparable measures of gene flow as a migration rate 
(m) which can be interpreted as the fraction of migrants per generation in one population that 
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is derived from a source population. Each program estimates m over different timescales. 
BAYESASS uses a Bayesian approach and MCMC sampling to generate the m values over 
the last few (<5) generations (Wilson and Rannala 2003). Given a generation time of 
approximately 5 years for the Sheepnose (Hove et al. 2015), BAYESASS would estimate m 
values over the past ~15 years. In contrast, MIGRATE uses coalescent modeling to jointly 
estimate θNe which can also be interpreted as four times the effective population size 
multiplied by the marker mutation rate (4Neµ) and asymmetric gene flow M values (m/µ) 
between pairs of populations over 4Ne generations (approximately 1000’s of years). Because 
M values generated by MIGRATE are scaled by the mutation rate they were multiplied by µ 
= 5x10-4 (Garza and Williamson 2001) to obtain an estimate of m in the same units as 
obtained from BAYESASS. A Mantel test with 10,000 permutations was conducted using 
RStudio to test for correlation between the contemporary and historical inter-population 
migration rate matrices generated by BAYESASS and MIGRATE. Separate permutation 
tests were performed on the estimated contemporary and historical migration rates using 
RStudio to determine the level of migration occurring between sites that were located within 
versus between drainage basins. This test was permuted 100,000 times and p-values were 
assessed at a 0.05 significance level. 
Contemporary Migration Estimation 
Contemporary migration estimation was conducted using BAYESASS. All 
asymmetrical pairwise migration values were considered for this analysis, however, 
migration values that had 95% confidence intervals overlapping with zero were considered 
not biologically significant. Run lengths and parameters were optimized to ensure 
convergence and delta parameters were adjusted to accommodate 40-60% acceptance. 
BAYESASS appeared to reach convergence after 5 runs with a different initial seed and a 
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Bayesian deviance metric (Spiegelhalter 2002) was used to select the run that best fit the 
dataset. TRACER v1.7 (Rambaut et al. 2018) was also used to visualize mixing, suitable 
burn-in values, and convergence problems. The final run consisted of the parameters from 
the best selected run with a run length of 5x107 iterations and sampling every 100 iterations. 
The burn-in period consisted of 2x107 iterations. 
Historical Migration Estimation 
Estimates for all asymmetrical pairwise migrations rates were calculated by 
performing a Bayesian analysis using MIGRATE (Beerli 2006, Beerli and Felsenstein 2001). 
As with the BAYESASS analysis, migration estimates that had 95% confidence intervals 
overlapping zero were considered not biologically significant. In the MIGRATE analysis a 
Brownian motion microsatellite model was used to estimate the parameters. Starting values 
of θNe and M were estimated with an FST calculation and uniform priors (θNe: minimum = 0, 
maximum = 10, delta = 1; M: minimum = 0, maximum = 100, delta = 2). Mutation rates were 
set to vary at each locus. Search parameters were set as one long chain consisting of 5x104 
iterations that was sampled every 250 iterations. Burn-in consisted of 2x104 iterations and 
four-chain static heating with temperatures of 1, 1.5, 3, 10000 were used as recommended by 
Beerli (2009). Convergence was determined by the relative smoothness and unimodal 
distributions of the θNe and M estimation histograms. As noted above m values were 
calculated by multiplying M values by the mutation rate. 
Changes in Population Size 
 Considering apparent declines in the Sheepnose and potential genetic bottlenecks 
associated with habitat fragmentation and isolation (Andersen et al. 2004), a test for genetic 
bottlenecks at each site was conducted using BOTTLENECK (Piry et al. 1999). Two tests 
implemented by BOTTLENECK were used for the analysis. A Wilcoxon’s sign rank test was 
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conducted to determine whether the heterozygosity of a site was less than predicted under 
mutation-drift equilibrium. This test is capable of detecting bottlenecks over the last 2-4Ne 
generations. The second test uses a mode-shift test of allele proportions over the last few 
dozen generations (Cornuet and Luikart 1996, Luikart et al. 1998). Sites that are not 
bottlenecked should exhibit an L-shaped distribution where a large proportion of alleles are 
at low frequency and a smaller proportion of alleles at intermediate frequencies. Sites that 
have experienced a bottleneck will exhibit a mode-shift in the distribution where a smaller 
proportion of alleles are at low frequency compared to the intermediate alleles (Luikart et al. 
1998). This analysis was conducted with 10,000 replications under the step-wise mutation 
(SMM) and two-phase model (TPM) that included 95% single step mutations and 5% multi-
step mutations and a variance of 12 as recommended by Piry et al. (1999). All collection sites 
were tested separately for a bottleneck and the p-values estimated by the Wilcoxon’s sign 
rank test were assessed at a 0.05 significance level.  
Mitochondrial Sequences 
Sequence Diversity  
Of the 164 Sheepnose samples, 157 were amplified successfully and used for 
mitochondrial analysis. Haplotypes were created with DnaSP v6 (Librado and Rozas 2009). 
ARLEQUIN v3.5 (Excoffier and Lischer 2010) was then used to estimate haplotype (Hd) and 
nucleotide diversity (π) for each sampling location. Pairwise FST values between sampling 
sites were calculated using ARELQUIN and tested for significance using 3,000 permutations 
and a significance level of 0.05. PopART (Leigh and Bryant 2015) was used to create a 
minimum spanning network (Bandelt et al. 1999) of all haplotypes. A permutation test was 
performed on the FST values using RStudio to determine degree of genetic differentiation 
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found between sites that were located within versus between drainage basins. This test was 
permuted 100,000 times and p-values were assessed at a 0.05 significance level. 
Population Expansion 
A mismatch distribution analysis using ARLEQUIN was performed on all sampling 
sites. This analysis estimates pairwise differences among all the sequences and a population 
that has not changed in effective size over a long period of time will display a ragged 
distribution of pairwise distances. A raggedness index is estimated based on this distribution 
and can be assessed to interpret whether population expansion has occurred (Harpending et 
al. 1993). A population that has been growing generates distributions that are smoother and 
eventually peak with the peak position reflecting the time of the population expansion 
(Harpending 1994). Estimates of demographic expansion were generated over 1,000 
bootstrap replicates. P-values for the raggedness index and sum of square deviations (SSD) 
were assessed at a 0.05 significance level.   
Results 
Microsatellites  
Genetic Diversity  
Two of the microsatellite loci (C109A and C115) amplified poorly and were 
subsequently dropped from the analysis. One locus (D113) exhibited an excess of 
homozygosity and potential null alleles at multiple sampling locations so it was also dropped 
from analysis. Microsatellite analysis results described below are from the remaining 13 
microsatellite loci (Table 2. List of loci with the associated repeat motif, annealing 
temperature, and number of alleles for each locus.). MICROCHECKER analysis revealed 
that 5 loci were out of Hardy Weinberg proportions ranging at 1-2 sampling sites. There were 
295 alleles across the 13 loci and a high degree of variability with 11 to 47 alleles per locus 
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(Table 2. List of loci with the associated repeat motif, annealing temperature, and number of 
alleles for each locus.). Observed heterozygosity appeared to be high (0.70 and above) at all 
sites (Table 3). Allelic richness averaged 8.071 alleles at each sampling location. Analysis 
also indicated that there was a high number of private alleles at each sampling site. The 
number of private alleles ranged from 3 (CHIP) to 18 (MISS and TIPP) (Table 3). The 
fixation index (F) ranged from -0.052 at the TN site to 0.072 at the ALL site (Table 3). 
Standard FST values (Wright 1969) were calculated, however, because all loci exhibited a 
large number of alleles, the adjusted FST (G’st) and Jost’s D metrics were also calculated to 
account for the high allelic diversity observed and to determine a more interpretable FST 
value. A Mantel test revealed that these the adjusted FST and Jost’s D values were not 
significantly different from each other (p < 0.05) so only the adjusted FST values are reported 
(Table 4). The adjusted FST values indicated a high degree of population differentiation at all 
sampling sites. The permutation test indicated a significant difference (p = 0.005) between 
samples found in the Upper Mississippi River Basin (CHIP, WIS, MISS, and MER) and the 
Ohio River Basin (ALL, TIPP, and TN).  
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Table 2. List of loci with the associated repeat motif, annealing temperature, and number of 
alleles for each locus. * indicates values that were not reported because the locus was 
dropped from analysis. 
 
Table 3. Observed (Ho) and expected (HE) heterozygosity, allelic richness, private alleles, 
and fixation index (inbreeding) of each site across all loci. 
Site ID Ho HE Allelic Richness Private Alleles F 
ALL 0.772 0.768 7.031 6 0.072 
CHIP 0.818 0.813 7.359 3 -0.012 
MER 0.834 0.844 8.440 11 0.010 
MISS 0.825 0.859 8.180 18 0.040 
TIPP 0.860 0.834 8.768 18 -0.017 
TN 0.837 0.796 8.615 4 -0.052 
WIS 0.831 0.836 8.106 17 0.008 
Total 0.825 0.821 8.071 11 0.007 
 
Table 4. Pairwise adjusted FST values among all sites. 
 ALL CHIP MER MISS TIPP TN 
ALL       
CHIP 0.4168      
MER 0.6181 0.2300     
MISS 0.4122 0.1114 0.2045    
TIPP 0.1223 0.2831 0.4679 0.3086   
TN 0.6190 0.4953 0.5048 0.4174 0.4504  
WIS 0.4621 0.0587 0.1784 0.0623 0.3495 0.4578 
 
Locus Repeat Motif Annealing Temperature Number of Alleles 
A103 
A115 
A120 
C1 
C6 
C105 
C109A 
C115 
C125 
D4 
D10 
D106 
D113 
D114 
D119 
D125 
(CA)N 
(CA)N 
(CA)N 
(TACA)N 
(TACA)N 
(TACA)N 
(TACA)N 
(TACA)N 
(TACA)N 
(TAGA)N 
(TAGA)N 
(TAGA)N 
(TAGA)N 
(TAGA)N 
(TAGA)N 
(TAGA)N 
55 
57 
55 
55 
55 
55 
59.4 
59.4 
57 
55 
55 
55 
57 
55 
58 
55 
22 
25 
31 
31 
17 
32 
* 
* 
17 
47 
11 
18 
* 
14 
15 
15 
25 
 
Population Structure 
 The STRUCTURE analysis indicated that the most likely value of K was 2 using the 
Evanno method (Evanno et al. 2005) (Figure 3). Sampling sites found in the Upper 
Mississippi River Basin (CHIP, MER, MISS, and WIS) strongly clustered together while 
sites found in the Ohio River Basin (ALL, TIPP, and TN) clustered together (Figure 4). 
AMOVA analysis indicated significant genetic differentiation between these two river basins 
(Table 5), and the neighbor joining tree (Figure 5) also supported the K=2 STRUCTURE 
results. Despite sampling sites clustering into major river basins, each sampling location 
showed a high degree of differentiation as seen in the pairwise FST values (Table 4) likely 
meaning that little contemporary gene flow is occurring between sites within river basins. 
 
Figure 3. Number of genetic populations (K) as determined by the second order rate of 
change in the distribution of likelihoods of K using the Evanno method. 
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Figure 4. STRUCTURE clustering of the seven sampled Sheepnose populations into K = 2 
groups corresponding to Upper Mississippi (CHIP, MER, MISS, and WIS) and Ohio River 
(ALL, TIPP, and TN) basins. 
Table 5. Analysis of molecular variance (AMOVA) results for the K = 2 Upper Mississippi 
and Ohio River based genetic clusters identified using STRUCTURE. 
Source df SS MS Estimated 
Variance 
Percent of 
Variation (%) 
p≤ 
Among 
Populations 
1 40.173 40.173 0.247 4 0.001 
Among 
Individuals 
162 1011.129 6.242 0.557 9 0.001 
Within 
Individuals 
164 841.000 5.128 5.128 86 0.001 
Total 327 1892.302  5.932 100  
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Figure 5. Neighbor joining tree of all Sheepnose sampling sites based on Nei’s genetic 
distance. 
Estimation of Migration  
Contemporary Migration Estimation 
Contemporary migration rates estimated by BAYESASS indicated that of all the 
pairwise migration rates among sampling sites, only five had 95% confidence intervals that 
did not overlap zero and were deemed biologically significant (Table 6Table 6). The 
estimated migration rates indicated that migration is occurring at very low rates within the 
Upper Mississippi River and Ohio River basins with little to no gene flow between these two 
basins (Table 6, Figure 6). The permutation test indicated that there was significantly (p = 
0.008) more migration occurring between sampling sites that were found within the same 
drainage basin than migration occurring between sampling sites found in different drainage 
basins. There was no statistical difference between the remaining migration rates that were 
considered biologically significant (Table 6).  
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Figure 6. Pattern of contemporary gene flow estimated by BAYESASS (Wilson and Rannala 
2003) between sampling sites. The arrow colors and arrow heads indicate the direction of 
migration from the sources. 
Historical Migration Estimation 
The MIGRATE analysis of historical migration estimated that 19 migration rates that 
were biologically significant (Table 7), which is more than three times the genetic 
connectivity indicated by the contemporary migration analysis. The results of a Mantel test 
indicated that there was not a significant correlation between the contemporary and historical 
migration matrices (r = -0.3243, p = 0.96964). In addition to relatively high levels of 
migration detected within drainage basins, the historical migration rates also indicate that 
there used to be more genetic connectivity between the Upper Mississippi River and Ohio 
River basins (Table 7, Figure 7). The permutation test indicated that there was significantly 
29 
 
(p = 0.032) more migration occurring between sampling sites that were found within the 
same drainage basin than migration occurring between sampling sites found in different 
drainage basins. Bidirectional migration was detected at the historical time scale for several 
of the sampling sites (Figure 7) whereas only unidirectional migration was detected at the 
contemporary scale (Figure 6). Although sampling sites were more genetically connected 
historically, the migration rates themselves were still very low (Table 7).  
 
Figure 7. Pattern of historical gene flow pattern estimated by MIGRATE (Beerli 2008) 
between sampling sites. The arrow colors and arrow heads indicate the direction of 
movement of migrants from sources. The dotted lines represent bidirectional migration 
between sampling sites. 
  
3
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Table 6. Asymmetrical pairwise contemporary migration rates and associated 95% confidence intervals generated by BAYESASS. 
The left column represents the source site and the top column represents the receiving sites. * indicates rates that have confidence 
intervals that do not overlap with zero. 
 
  
 ALL CHIP MER MISS TIPP TN WIS 
ALL  0.0115 0.0117 0.0121 0.0115 0.0114 0.0115 
C.I. (95%)  (-0.0101, 0.0331) (-0.0099, 0.0333) (-0.0100, 0.0342) (-0.0114, 0.0344) (-0.0104, 0.0332) (-0.0105, 0.0335) 
CHIP 0.0119  0.0119 0.2619* 0.0119 0.0120 0.0119 
C.I. (95%) (-0.0106, 0.0344)  (-0.0104, 0.0342) (0.2396, 0.2842) (-0.0377, 0.0615) (-0.0107, 0.0347) (-0.0106, 0.0344) 
MER 0.0110 0.0101  0.2451* 0.0101 0.0101 0.0101 
C.I. (95%) (-0.0098, 0.0318) (-0.0091, 0.0293)  (0.1959, 0.2943) (-0.0503, 0.0705) (-0.0091, 0.0293) (-0.0091, 0.0293) 
MISS 0.0193 0.0057 0.0162  0.0058 0.0057 0.0058 
C.I. (95%) (-0.0056, 0.0442) (-0.0053, 0.0167) (-0.0052, 0.0272)  (-0.0316, 0.0432) (-0.0053, 0.0167) (-0.0054, 0.0170) 
TIPP 0.2549* 0.0128 0.0127 0.0149  0.0128 0.0127 
C.I. (95%) (0.2000, 0.3098) (-0.0113, 0.0369) (-0.0114, 0.0368) (-0.0092, 0.0390)  (-0.0113, 0.0369) (-0.0114, 0.0368) 
TN 0.1736* 0.0223 0.0344 0.0364 0.0223  0.0222 
C.I. (95%) (0.0870, 0.2602) (-0.0185, 0.0631) (-0.0064, 0.0752) (-0.0179, 0.0907) (-0.0390, 0.0836)  (-0.0186, 0.0630) 
WIS 0.0138 0.0138 0.0161 0.2482* 0.0138 0.0139  
C.I. (95%) (-0.0123, 0.0399) (-0.0123, 0.0399) (-0.0100, 0.0422) (0.2184, 0.2780) (-0.0438, 0.0714) (-0.0120, 0.0398)  
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Table 7. Asymmetrical pairwise historical migration rates and associated 95% confidence intervals generated by MIGRATE. The left 
column represents the source site and the top column represents the receiving sites. * indicates rates that have confidence intervals that 
do not overlap with zero. 
 
  
 ALL CHIP MER MISS TIPP TN WIS 
ALL  0.0023 0.0010 0.0012* 0.0054* 0.0010 0.0011 
C.I. (95%)  (0.0000, 0.0016) (0.0000, 0.0018) (0.0001, 0.0020) (0.0042, 0.0082) (0.0000, 0.0021) (0.0000, 0.0035) 
CHIP 0.0013*  0.0014* 0.0012 0.0007 0.0004 0.0025* 
C.I. (95%) (0.0001, 0.0025)  (0.0002, 0.0023) (0.0000, 0.0022) (0.0000, 0.0016) (0.0000, 0.0012) (0.0007, 0.0038) 
MER 0.0018* 0.0012*  0.0023* 0.0008 0.0004 0.0003 
C.I. (95%) (0.0006, 0.0065) (0.0001, 0.0021)  (0.0006, 0.0035) (0.0000, 0.0016) (0.0000, 0.0013) (0.0000, 0.0012) 
MISS 0.0005 0.0038* 0.0026*  0.0011 0.0008 0.0046* 
C.I. (95%) (0.0000, 0.0014) (0.0023, 0.0049) (0.0013, 0.0036)  (0.0000, 0.0027) (0.0000, 0.0017) (0.0019, 0.0080) 
TIPP 0.0005 0.0015* 0.0014* 0.0013*  0.0010 0.0032* 
C.I. (95%) (0.0000, 0.0013) (0.0004, 0.0023) (0.0002, 0.0023) (0.0002, 0.0021)  (0.0000, 0.0018) (0.0020, 0.0042) 
TN 0.0009 0.0010 0.0003 0.0005 0.0042*  0.0029* 
C.I. (95%) (0.0000, 0.0018) (0.0000, 0.0018) (0.0000, 0.0011) (0.0000, 0.0014) (0.0025, 0.0053)  (0.0015, 0.0040) 
WIS 0.0007 0.0033* 0.0009 0.0009 0.0011* 0.0034  
C.I. (95%) (0.0000, 0.0015) (0.0021, 0.0042) (0.0000, 0.0018) (0.0000, 0.0018) (0.0001, 0.0020) (0.0000, 0.0057)  
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Changes in Population Size 
No significant values were found for the Wilcoxon’s Sign Test of bottleneck effects 
(Table 8). All sampling sites exhibited the expected L-shaped distribution (Table 8) 
characterized by a high proportion of alleles being at low frequency while a smaller 
proportion of alleles were found at intermediate frequencies. These results indicate that 
neither an ancient or recent bottleneck has occurred within these sites. 
Table 8. BOTTLENECK results of the Wilcoxon's sign test using the stepwise mutation 
model (SMM) and two-phase model (TPM). These results were assessed at a 0.05 
significance level. Distribution patterns of the mode shift test are also represented. 
Site ID Wilcoxon’s Sign 
Test (SMM) 
Wilcoxon’s Sign Test 
(TPM) 
Mode Shift Test 
ALL 0.9451 0.8833 L-shape 
CHIP 0.8473 0.7291 L-shape 
MER 0.7928 0.2939 L-shape 
MISS 0.9713 0.9268 L-shape 
TIPP 0.8781 0.7513 L-shape 
TN 0.5000 0.4730 L-shape 
WIS 0.9867 0.9529 L-shape 
 
Mitochondrial Sequences 
Sequence Diversity  
Analyses were performed on 157 DNA sequences of 883 nucleotide base pairs that 
had no missing data or ambiguous sites. 39 mtDNA haplotypes were detected across all 
sample sites. The number of haplotypes ranged from 5-12 per sampling site with the MISS 
site having the most (n = 12) and the TIPP site having the fewest (n = 5).  The number of 
haplotypes that were unique to the location that they were found ranged from 3-9 and 
accounted for about 85% of detected haplotypes overall. Haplotype diversity (Hd) ranged 
from 0.4620 (TIPP) to 0.9286 (TN) and the nucleotide diversity (π) ranged from 0.0008 
(TIPP) to 0.0039 (WIS). A comparison of pairwise FST values indicated that all sample sites 
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were significantly different from each other except the TIPP and ALL sites and the WIS and 
ALL sites (Table 10).  The permutation test indicated that there was not a significant (p = 
0.276) difference in genetic differentiation of samples found within the same drainage basin 
versus samples found between basins. A minimum spanning network indicated that three 
haplotypes were common across most sampling sites with a star-like pattern stemming from 
these common haplotypes indicating a population expansion (Slatkin and Hudson 1991) 
(Figure 8). 
Table 9. Number of haplotypes, unique haplotypes, haplotype diversity (Hd), and nucleotide 
diversity (π) across all sites. 95% confidence intervals are given for the haplotype and 
nucleotide diversity values. 
Site ID Number of 
haplotypes 
Number of unique 
haplotypes 
Haplotype Diversity 
(Hd) 
Nucleotide 
Diversity (π) 
ALL 8 3 0.7922 0.0034 
C.I. (95%)   (0.7235, 0.8609) (0.0013, 0.0054) 
CHIP 7 6 0.7135 0.0020 
C.I. (95%)   (0.6110, 0.8160) (0.0006, 0.0033) 
MER 8 4 0.7231 0.0023 
C.I. (95%)   (0.6424, 0.8038) (0.0008, 0.0038) 
MISS 12 9 0.5749 0.0019 
C.I. (95%)   (0.4878, 0.6620) (0.0006, 0.0031) 
TIPP 5 3 0.4620 0.0008 
C.I. (95%)   (0.3262, 0.5978) (0.0001, 0.0015) 
TN 6 4 0.9286 0.0024 
C.I. (95%)   (0.8442, 1.013) (0.0007, 0.0041) 
WIS 8 4 0.8750 0.0039 
C.I. (95%)   (0.8223, 0.9277) (0.0016, 0.0063) 
Total 39 33 0.7242 0.0024 
 
Table 10. Pairwise FST values of mtDNA sequences. * indicates significant differentiation. 
 ALL CHIP MER MISS TIPP TN 
ALL       
CHIP 0.2921*      
MER 0.4721* 0.1543*     
MISS 0.3370* 0.6357* 0.7506*    
TIPP 0.0268 0.5008* 0.6396* 0.3669*   
TN 0.1666* 0.6401* 0.7172* 0.4299* 0.0627*  
WIS 0.0607 0.3146* 0.3146* 0.3557* 0.1748* 0.3588* 
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Figure 8. Minimum spanning network of 39 haplotypes detected. Colors indicate sites and 
size of circle represents number of haplotypes. Tick marks indicate number of mutational 
differences between haplotypes. 
Population Expansion 
 Convergence could not be reached for the TN site, so it was dropped from the 
mismatch distribution analysis. Evidence for a population expansion was found for all sites 
except WIS. The sum of square deviations and raggedness index indicated that these sites did 
not significantly differ from the population expansion model (p ≥ 0.05) (Table 11). The 
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detected population expansion is also indicated by the star-like pattern seen in the minimum 
spanning network (Slatkin and Hudson 1991) (Figure 8). However, the WIS site indicated a 
significant deviation from the population expansion model in both the sum of square 
deviations (0.044, p = 0.01) and raggedness index (0.129, p = 0.02) (Table 11). 
Table 11. Sum of Square Deviations (SSD) and Raggedness Index results of the mismatch 
distribution analysis across all sites. Values and associated p-values are listed. * indicates 
significance. 
Site ID Sum of Square Deviations (SSD) Raggedness Index 
ALL 0.045(0.19) 0.124(0.14) 
CHIP 0.025(0.55) 0.079(0.61) 
MER 0.021(0.68) 0.058(0.73) 
MISS 0.014(0.12) 0.083(0.56) 
TIPP 0.004(0.81) 0.112(0.64) 
WIS 0.044(0.01*) 0.129(0.02*) 
 
Discussion 
Genetic Diversity 
This study found a high degree of genetic diversity within sampling sites at both the 
microsatellite and mitochondrial loci. The microsatellite analysis indicated that the average 
number of alleles per locus was 22.69 and the average allelic richness was 8.071. The 
mitochondrial analysis showed an average of 5.57 haplotypes per site with a total of 39 
haplotypes. One study reported a similar level of genetic diversity found in another 
freshwater mussel species with 4.8 haplotypes per deme and 39 haplotypes total across the 
range of the Threeridge mussel (Amblema plicata) (Elderkin et al. 2007). However, other 
studies reported a noticeably lower level of genetic diversity. Only 3 haplotypes were found 
within the range of the Green Floater mussel (Lasmigona subviridis) (King et al. 1999) and 
the average number of alleles per locus for Pearl mussels (Margaritifera margaritifera) was 
2.7 with an average allelic richness of 1.7 (Geist and Kuehn 2005). These results indicate that 
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the effective population size of the Sheepnose at all sampling sites could be relatively high 
enough to maintain this level of genetic diversity and buffer against the erosion effects of 
genetic drift (Elderkin et al 2007, Lande and Barrowclough 1987). 
Population Structure 
The results of this study indicate that currently, the Sheepnose consists of two 
genetically distinct populations that are in turn composed of a number of distinct demes – 
isolated subpopulations that shares a distinct genepool. The demes in the Upper Mississippi 
River Basin population (CHIP, WIS, MISS, and MER) currently have connectivity with one 
another and are functioning as a genetically distinct population. The second population 
occurs in the Ohio River Basin (ALL, TN, and TIPP). These geographically meaningful 
results support the stream hierarchical model in which dispersal is influenced by riverine 
distances between populations that are constrained by the dendritic nature of river basins 
(Hughes et al. 2009, Meffe and Vrijenhoek 1998, Lowe et al. 2006). Dispersal patterns 
within drainage basins instead of between is not uncommon for species, like freshwater 
mussels, that have relatively limited dispersal abilities (Bunn and Hughes 1997, Bilton et al. 
2001, Fetzner and Crandall 2003). Passive transport of Sheepnose sperm through the water 
column and active transport of glochidia via fish hosts could be a natural source of dispersal 
limitations (Bilton et al. 2001, Hove et al. 2015) and thus be the reason higher dispersal was 
detected within drainage basins instead of between. 
The genetic differentiation detected between demes could also be a result of severe 
habitat degradation that has isolated and fragmented these groups of individuals. Dams are 
considered highly detrimental to unionoid populations by disrupting dispersal of host fish 
(Watters 1995), feeding ability from impoundment siltation (Bates 1962, Negus 1966), and 
altering the flow and depth of once suitable habitat (Salmon and Green 1983). The United 
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States has about 75,000 dams and almost half (~ 30,000) can be found in the Mississippi 
River system (Graf 1999). The direct impacts of dams on mussel health and indirect impacts 
on dispersal abilities may be a large contributing factor of the isolation between populations 
detected at the contemporary timescale. Considering the level of fragmentation and high 
degree of genetic variation still retained within each deme, it is possible that mussels at the 
collection sites may becoming adapted to particular habitats (Lean et al. 2017). The isolation 
of mussels into demes also makes them sensitive to stochastic events (Fagan et al. 2005) so 
while potential translocation efforts may buffer the sensitivity to stochastic events, managers 
must be cautious of disrupting local adaptions with introduced gene flow (Fitzpatrick et al. 
2015, Lean et al. 2017).  
Migration 
This study found evidence that the historical genetic connectivity was significantly 
higher than the contemporary genetic connectivity. Interestingly, despite the historical 
estimates of gene flow indicating that demes used to exhibit more genetic connectivity, the 
amount of gene flow estimated was still very low. The disruption of the previously more 
connected demes likely occurred with the drastic anthropogenic changes that fragmented the 
landscape. The construction of dams, river channels, increased pollution, and invasive 
species are most likely collectively contributing to the loss of habitat and decrease in 
population size (Williams et al. 1993) which has resulted in reduced connectivity. A common 
trend found between the contemporary and historical migration patterns was the relatively 
higher degree of connectivity found within river basins. This indicates that the 
disconnectedness seen today may have started with the loss of connectivity between river 
basins. This information will allow managers to prioritize the significance of within versus 
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between river basin connectivity if restoring genetic connectivity to the historical scale 
becomes a conservation objective. 
Population Size Changes 
Despite the detected fragmentation, high levels of diversity were still detected within 
in demes. This is likely because this species, like many other freshwater mussels, is long-
lived which generally buffers demes and populations from the loss of genetic variation due to 
genetic drift (Haag 2012, Hoffman et al. 2017). Three tests were conducted to detect 
evidence of bottlenecks and the results of all the tests indicated that none of the Sheepnose 
demes show evidence of a genetic bottleneck. The mitochondrial analysis of population 
expansion detected a population expansion at most demes (except WIS) which may be a 
result of responses to climate change oscillations during the Pleistocene (Alberdi et al. 2015). 
Freshwater systems were heavily impacted by the expansion and contraction of Pleistocene 
glaciers (Inoue et al. 2014, Pielou 2008). Current species distribution patterns in freshwater 
systems often reflect demographic expansions into northern regions during post-glacial 
dispersal (Hewitt 1996, Hewitt 2000, Inoue et al. 2014, Pielou 2008, Stewart and Lister 
2001). We found this pattern to some degree with the only deme to not undergo population 
expansion being the Wisconsin site which is one of the most northern regions of the study 
area. 
Management Implications 
Conservation of freshwater mussels is critical even for species that have not been 
listed under the Endangered Species Act yet (Neves 1999). Understanding and quantifying 
the genetic diversity and levels of gene flow is necessary for the conservation of the 
Sheepnose mussel so that gene flow can be restored to the historical level (Frankel and Soule 
1981, Keyghobadi 2007, Slatkin 1987). Genetic diversity is required for populations to adapt 
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and respond to the changing environment and becomes a special conservation concern within 
small or shrinking populations because of the erosive effects of drift (Allendorf 1986, Lacy 
1987, Reed and Frankham 2003).  
The results of this study indicate that the contemporary pattern of low gene flow and 
isolation between populations occurring today is probably the result of anthropogenic 
changes to the landscape that have eliminated populations and introduced barriers to gene 
flow. The anthropogenic influences are a relatively recent event on the landscape and it 
appears that the long lifespan of the Sheepnose may be buffering demes from the effects of 
isolation produced by habitat alterations. If isolation persists over several more generations it 
is likely that genetic diversity in these demes will start to erode. Management implications of 
these results suggest that gene flow between demes should be reestablished to support the 
maintenance of genetic diversity. Propagation and re-introduction operations may be 
successful for reestablishing populations within their historic range (Geist 2010, Jones et al. 
2006, Minckley 1995), however, to avoid disrupting localized adaptations, translocations 
between demes is not recommended (Fitzpatrick et al. 2015, Lean et al. 2017). Management 
units (MUs) may be established at the drainage basin scale as the genetic structure analyses 
indicated in this study (Palsboll et al. 2007). Effects of climate change may further alter the 
population connectivity since the dendritic network of streams have limited dispersal routes. 
It is likely that the populations will become further disconnected and genetically isolated as 
seen in the Spectaclecase mussel (Cumberlandia monodonta) (Inoue and Berg 2017) unless 
conservation strategies are developed. 
Future studies should include more research about the habitat requirements of the 
Sheepnose. Improving water quality for this mussel species could also be beneficial for other 
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freshwater species and even for humans. More research is also necessary to identify and 
understand the relationship of fish hosts as a dispersal mechanism. Conservation of the 
Sheepnose would most likely encompass the conservation and management of the most 
widely used host fish species. Because of the variation in dispersal ability, a better 
understanding of the selected host species would help researchers understand the dispersal 
capability of the Sheepnose as well. Additionally, a more extensive study on the population 
genetic dynamics of the Sheepnose would be helpful. An increase in the number of sites 
included in such an analysis would be useful in understanding the dynamics of gene flow 
across the range of this species.  
Overall, the Sheepnose appear to have maintained a surprising amount of genetic 
diversity within populations despite the lack of connectivity detected between demes. 
Mechanisms that may be buffering the erosion of genetic diversity such as their long lifespan 
and potentially high effective population sizes are probably not capable of withstanding a 
prolonged period of isolation. It is possible that the full effect of fragmentation has not been 
realized and may be more devastating than indicated in this study. To effectively conserve 
this species, managers should begin reestablishing and maintaining enough suitable habitat 
for the natural reestablishment of Sheepnose in areas where the occurred historically.  These 
reestablished demes would serve to improve connectivity between demes so that this species 
can maintain genetic diversity and their adaptive potential especially in the face of climate 
change.  
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CHAPTER 3.    GENERAL CONCLUSIONS 
Based on the evidence found in this study, it appears that anthropogenic influences 
have altered the pattern of genetic connectivity of the Sheepnose. The migration rates found 
at the historical scale indicated much more widespread connectivity but at low rates. It is 
likely that this pattern created a fragile connectivity network that had little resistance to 
barriers. The construction of dams, stream channelization, and other anthropogenic barriers 
appears to have effectively eroded the genetic connectivity that was once found among 
Sheepnose populations. Conservation strategies should work to reestablish this connectivity 
by making the habitat suitable enough for the natural reestablishment of Sheepnose in areas 
where the occurred historically. As mentioned before, conserved genetic diversity will be 
useless if there is not enough habitat for the species to survive on (Allendorf et al. 2009).  It 
is imperative that conservation strategies become established as soon as possible because it is 
likely that the full effect of fragmentation and isolation have not be realized yet. Furthermore, 
it is important to conserve this species to circumvent the risk of losing the last species within 
the Plethobasus genus. 
The Orangefoot Pimpleback and the White Wartyback are just two freshwater mussel 
species that have succumbed to extinction much like many species within this imperiled 
family. Despite the attempts to mitigate some of the causes of freshwater mussel population 
declines, they do not appear to be enough to conserve this taxon (Master 1990, Williams et 
al. 1989, Williams et al. 2011). Arguably, active conservation efforts focused on the taxon 
may be more effective than reactive efforts focused on individual species (Williams et al. 
1989, Williams et al. 2011). Freshwater mussels should be protected for their intrinsic value 
and because they are valuable as indicators of freshwater environments and a major 
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component of freshwater biological diversity worldwide (Williams et al. 2011). Incremental 
advances in knowledge about freshwater mussels can improve meaningful management and 
conservation planning especially in the face of the freshwater biodiversity crisis (Abell 2002, 
Linke et al. 2011, Strayer and Dudgeon 2010). 
Freshwater biodiversity holds a valuable role as a natural, economic, cultural, and 
aesthetic resource. The conservation of this resource is important to stakeholders in all 
nations and governments (Dudgeon et al. 2005). Threats to this resource mainly include 
overexploitation, water pollution, channelization, destruction of habitat, and invasive species 
introduction (Allan and Flecker 1993, Postel and Richter 2012, Revenga et al. 2005). 
Conservation of the freshwater biodiversity presents a challenge because it is influenced by 
many factors such as upstream drainage networks, surrounding land, riparian zones, and 
downstream reaches (Dudgeon et al. 2005). There are also socioeconomic factors that 
influence how freshwater resources are conserved. Because this resource is commonly used 
as an ecosystem service, trade-offs between the service and protection of the biodiversity 
often occurs (Dudgeon et al. 2005, Revenga et al. 2005). Freshwater resources largely have 
not been utilized sustainably. Gathering more information about freshwater species, habitat 
extent and condition, and water resource and socioeconomic data will be useful in creating a 
multifaceted conservation approach. Humans have been overexploiting ecosystems for 
millennia so effective management strategies must be established to reduce the impact 
humans are so good at creating (Barnosky et al. 2004, Burney and Flannery 2005, Miller et 
al. 2005, Rule et al. 2012). 
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